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• Spatial damage sensing ability of metallic waste iron powder-incorporated cementitious systems is evaluated
• Evaluation of spatial damage sensing
ability is performed using electrical resistance tomography (ERT)
• Spatial damage sensing ability improves
progressively with increase in iron powder content
• Iron powder content 30% or greater (Cement-replacement) shows sufﬁcient
spatial damage sensing ability
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a b s t r a c t
The paper evaluates the spatial damage sensing ability of self-sensing mortars containing up to 40% waste metallic iron powder by volume as cement-replacement. The spatial damage-sensing ability is evaluated using a framework that integrates the electrical resistance tomography (ERT)-based conductivity reconstruction algorithm
with multiscale numerical homogenization with a view to enable microstructure-guided design of such selfsensing composites. The ERT-based framework uses experimentally measured boundary electrode voltages as
input; assigns the effective conductivity of the composite (obtained from numerical homogenization) as initial
estimate of the conductivity distribution and initiates the iterative process involving the well-posed forward
model and the ill-posed inverse problem to obtain the conductivity map in the damaged conﬁguration. The reconstructed damage maps, thus obtained, conﬁrm sufﬁcient spatial damage-sensing ability of mortars containing
30% or greater amount of iron powder validating the applicability of such self-sensing composites towards spatial
damage sensing for health monitoring of structures.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Spatial damage sensing imparts valuable information on the reliability and safety of the structures. It can save the structures from catastrophic failures and can prevent immense loss of life and property
⁎ Corresponding author.
E-mail address: sumanta_das@uri.edu (S. Das).

[1,2]. Various non-destructive testing (NDT) techniques such as ultrasound testing, radiographic tests (X-ray) etc. have been traditionally
used towards costly routine inspections for maintenance of these structures. However, such frequent routine inspections are impractical and
very expensive for large structures in the long-term. Hence, a realtime damage-sensing approach would be beneﬁcial under such scenarios. For real-scale industrial structures, use of multifunctional composites is gaining popularity for strain-sensing applications [3–5].

https://doi.org/10.1016/j.matdes.2019.107817
0264-1275/© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Electrical responses of such conductive composites have been shown to
be sensitive to strain [6–13] and defects or damage [9,13–15]. Bulk electrical response obtained from electrical impedance spectroscopy (EIS)
has been used for detection of cracks [16,17], ﬁber distributions
[18,19], ﬁber orientations [20], and corrosion rate of reinforcing bars
[21–24] in conductive cementitious composites. While several conductive ﬁbers such as steel ﬁbers [25,26], carbon ﬁbers [27,28], multi walled
carbon nanotubes (MWNT) [29,30] have been used to obtain strainsensing ability in cementitious matrices, this paper incorporates metallic waste iron powder in mortars towards spatial damage-sensing. This
waste iron powder is an industrial byproduct and it is generated in large
quantities in electric-arc furnace (EAF) steel production facilities and
shot-blasting operations of structural steel sections [31]. Traditionally,
this waste iron powder is landﬁlled since it is not economically feasible
to recycle steel from the waste powder [32]. Several million tons of such
waste product is being landﬁlled all over the world. Such waste iron
powder-incorporated cementitious composites have been shown to exhibit signiﬁcantly improved fracture resistance [31,33,34] and strainsensing ability [35] thereby achieving a multi-functional status. While
the strain-sensing ability of the waste iron powder-incorporated cementitious composites has been demonstrated using bulk-electrical response in [35], this study employs an electrical resistance tomography
(ERT)-based reconstruction algorithm [29,36–38] to evaluate the applicability of such composites towards spatial damage sensing. In ERT, several electrode pairs, attached to the surface of the sample, measure
potential differences in response to an injected current and a spatial
conductivity distribution map is obtained by solving an ill-posed problem [38–40]. ERT has been applied in traditional cementitious composites towards evaluation of moisture transport [41,42] and crack
detection [36,43]. ERT has also been applied in recent years towards surface damage detection [29,44,45] and strain-sensing [46] applications in
self-sensing concretes [29] for structural health monitoring (SHM). ERTbased spatial damage sensing usually requires a pre-damaged (pristine
condition) reference conductivity map. Electrical resistance tomography (ERT) has been successfully employed for imaging of moisture
ﬂow in cement-based materials [47,48]. ERT has also been used to evaluate chloride ingress in cementitious systems [49]. Besides, ERT-based
sensing skins have been shown to detect surface damage patterns reliably in concrete structural members [50]. ERT has also been used for assessment of cracks in concretes [51,52] and ﬂy ash-modiﬁed
cementitious systems [53]. In this paper, the ERT-based image reconstruction framework is integrated with a numerical module [30] that
performs numerical homogenization at different length scales based
on known microstructural features of the material. The effective conductivity, thus obtained from multiscale numerical simulation serves
as baseline reference conductivity of the pre-damaged conﬁguration
(pristine condition) that can serve as an input in realistic SHM applications. The baseline conductivity, thus obtained, is subtracted from conductivity map of the damaged conﬁguration, obtained from the ERT
framework, to generate spatial damage maps which are employed to
evaluate the inﬂuence of metallic waste powder incorporation on the
spatial damage sensing ability of mortars. Thus, the spatial damagesensing framework integrates the ERT-based conductivity reconstruction algorithm with multiscale numerical homogenization module
with a view to offer robustness and ﬂexibility so as to enable tailoring
of the material microstructure at different length scales for efﬁcient design of such self-sensing metallic particulate-reinforced cementitious
composites.

detailed in [33]. Metallic waste iron powder, obtained from industrial
shot-blasting facility, is used in this study to replace OPC partially in
the mortars. The iron powder primarily contains 88% Iron (Fe) and
10% oxygen (due to atmospheric oxidation) [31,33]. Traces of Cu, Mn
and Ca are also present in the iron powder [31,33]. The median size of
the iron particles in the powder is 19 μm [32,33,55]. Five different mortar mixtures were prepared with constant sand (median particle size
600 μm) volume of 50%. While the control mortar does not contain
any iron powder, the other four mixtures contain 10, 20, 30 and 40%
iron powder by volume as OPC-replacement. A water-cement ratio of
0.5 (mass-based) was used to prepare all the mixtures. This study
does not consider water-to-cement ratio lower than 0.5 since such mixtures with lower water content do not show desirable rheological properties especially for the mixtures containing higher dosage of iron
powder. The particle size distributions for OPC, sand and iron powder
are shown in Fig. 1. These particle size distributions are obtained from
laser diffraction analysis.
While mortar mixtures were used for spatial damage sensing (ERT),
companion paste mixtures were used for characterization of bulk electrical response (electrical conductivity) evaluation as well as for microstructural observations. For spatial damage sensing, cylindrical discs of
diameter 50 mm and thickness 10 mm were prepared using mortar
mixtures. Circular holes of radii 1 cm are drilled in the mortar discs
1.8 cm away from the center of the specimen (center to center distance)
to evaluate the ability of damage-sensing through the ERT. Two different sample conﬁgurations were used containing one and three holes respectively. 30 mm diameter x 60 mm long paste cylinders were used for
electrical conductivity measurements. The molds for electrical impedance/conductivity measurement were ﬁtted with 3 mm diameter steel
rods (electrodes) placed at 15 mm from both ends. Similar setup was
successfully implemented for cement pastes in [56]. Four replicate specimens for each of these ﬁve mixtures were cast and demolded after 24 h.
This was followed by exposing the specimens to a moist environment
with RH N 98% at a temperature of 23 ± 2°C for 28 days. The cured samples for EIS measurements were not removed from the molds and were
placed in a sealed container with the exposed surface covered with a
moist towel to maintain saturated conditions. Companion paste samples were also cast for microstructural evaluations.
2.2. Effective electrical conductivity measurements
The electrical conductivity of paste samples was measured using a
Solartron 1260™ gain phase analyzer. Electrical impedance spectroscopy (EIS) has been used to characterize electrical conductivity of cementitious materials [57,58]. The 30 mm diameter × 60 mm length
cylindrical paste specimens (see Section 2.1) ﬁtted with steel electrodes
are used for EIS experiments. Alligator plugs from the impedance

2. Experimental program
2.1. Materials and mixtures
The cement used for the experiments is commercially available Type
I/II ordinary portland cement (OPC) conforming to ASTM 150 [54]. The
chemical composition of the oxides of different elements in the OPC is

Fig. 1. The particle size distribution of the OPC, sand and iron powder.
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Fig. 2. (a) Current injection and boundary voltage measurements in adjacent conﬁguration of electrodes (shown in green); (b) a single-hole disc sample conﬁguration mounted on the ERT
setup.

analyzer were attached to the steel electrodes and a frequency sweep
was performed. Thus, the Nyquist plots were obtained from the EIS
measurements. From the Nyquist plot, the bulk resistance (Rb) can be
obtained as the value of real impedance where the imaginary impedance value is minimum (meeting point of bulk arc and electrode arc)
[57]. The effective conductivity (σeff) can be calculated from the bulk resistance (Rb) as shown in Eq. (1) [56,57]:
σ eff ¼

L
Rb A

ð1Þ

where L is the specimen length and A is the cross sectional area. Since,
the EIS experiments were performed on the cylindrical samples with
steel electrodes, the effective spacing between the electrodes as well
as the effective cross sectional area cannot be measured directly.
Hence, the cell constant (L/A) was obtained using 30 mm diameter x
60 mm long cylindrical tube along with the steel electrodes ﬁtted at
the same spacing as the samples. The tube was ﬁlled with 4% NaCl solution and the bulk resistance of the solution was obtained using EIS measurements. Using the known conductivity of the 4% NaCl solution
(4.4 S/m) [56], the cell constant (L/A) of 28.5 m−1 was calculated from
the bulk resistance of the solution using Eq. 1. This value of cell constant
(L/A) was used to obtain effective conductivity (σeff) from the bulk resistance of paste samples (Rb) with varying dosage of iron powder.
2.3. Electrical resistance tomography (ERT) for spatial damage detection

injections and voltage measurements is used here to validate the feasibility of ERT application in aforementioned mortars (see Section 2.1).
Mortar discs of size 50 mm diameter and 10 mm thickness (with single
and three-hole conﬁgurations) are used as mentioned in section 2.1.
Thin copper ﬁlm electrodes are cast into the samples (see Fig. 2 (b)).
Such thin copper ﬁlm electrodes have been shown to provide sufﬁcient
electrical contact in the literature [29]. Here, a total of eight copper tape
pairs are cast into each sample. The spatial resolution in ERT is greatly
inﬂuenced by current injection patterns [39,59]. In this study, adjacent
conﬁguration of electrodes is adopted for current injection to obtain
the boundary voltage measurement [39,59].The electrode conﬁguration
and stimulation pattern as applied to the cylindrical samples are shown
schematically in Fig. 2(a). Here, the current is injected through a pair of
electrodes and the voltages across other pairs of electrodes are measured. The custom data acquisition system (DAQ) system is built here
using a 34980A multifunction switch ﬁtted with a built-in 6 ½ digit digital multimeter (DMM) from Keysight Technologies™. A Solartron
1260™ gain phase analyzer acts as a current source. The switch interfaces with a MATLAB code to enable simultaneous current injection
across a pair of adjacent boundary electrodes while recording the voltages across the other pairs in adjacent conﬁguration (Fig. 2 (a)). The
voltages, thus obtained, are used to obtain ERT reconstructed images
as explained later in this paper. Fig. 2(b) shows the experimental
setup to obtain boundary voltages in a specimen with single-hole conﬁguration for reference whereas the zoomed ﬁgure shows the electrical
contact of the specimen with the embedded copper tape electrodes.

A diffusive imaging modality that enables estimation of the internal
electrical conductivity distribution based on boundary current

Fig. 3. A ﬂowchart representing the sequence of computations and experiments to achieve spatial damage sensing.
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(a)

(b)

Fig. 4. BSE image of iron particles (bright areas) dispersed in HCP matrix where 30% volume of OPC is replaced by iron particles at (a) 35× (scale bar indicates 500 μm and (b) 250× (scale
bar indicates 100 μm) resolution.

2.4. Scanning electron microscopy
The companion paste samples with different dosage of iron powder
were subjected to a microstructural evaluation. Small cube pieces (10
× 10 mm × 10 mm in size) were cut from the core of paste specimens
using a diamond saw. Prior to polishing, the cut pieces were cleaned ultrasonically to remove the debris. Afterwards, the sample was impregnated in epoxy and vacuum-saturated followed by overnight curing.
Several grinding/polishing steps were performed using SiC abrasives
and ﬁnally the sample was polished using 0.04 μm colloidal silica suspension. The polished samples were imaged using a ﬁeld emission environmental scanning electron microscope (FESEM) under backscattered
mode for microstructural evaluations.

as input. The ERT module essentially solves an ill-posed inverse boundary problem by a forward model and an inverse problem to obtain reconstructed conductivity distribution map of the target sample
facilitating spatial damage sensing.
The forthcoming sub-sections describe microstructural features of
the iron powder distributed in the HCP matrix, evaluate the electrical
conductivities of iron powder-incorporated HCP using EIS measurements and detail different components of the ERT-based conductivity
reconstruction framework with a view to elucidate the inﬂuence of
iron powder-incorporation on the spatial damage sensing ability of
mortars. While microstructural evaluations serve as input to the microstructure generation algorithm [30,34,60] in the numerical homogenization module, the electrical conductivities of iron powderincorporated HCP mixtures are used later to validate the numerical homogenization module.

3. Results and discussions
3.1. Material microstructure
This section presents the inﬂuence of iron particles on the spatial
damage sensing ability of cementitious mortars. Fig. 3 shows a schematic representation of the framework adopted in this study to achieve
spatial damage sensing for heterogenous composites. The framework
performs numerical homogenization [33,60] at multiple length scales
guided by the observed microstructure of such systems to obtain effective electrical conductivities which are validated against experimental
EIS observations. The effective electrical conductivities, thus obtained,
are used as input to the ERT-based reconstructed conductivity distribution algorithm module. In addition, the ERT module also requires experimentally obtained boundary voltages (Section 2.3) of the target sample

(a)

Microstructural observations were performed to evaluate the size,
shape and distribution of iron particles in the HCP matrix. Fig. 4 shows
representative micrographs for the mortar containing 30% iron powder
as cement-replacement. Distribution of bright (owing to higher density)
elongated iron particulates are clearly visible in the backdrop of the gray
phases (indicating the reaction products) and the black areas (indicating pores in the BSE image). Some matrix cracks can be observed
which are a result of sample preparation. An image analysis of several
BSE images yielded an average aspect ratio of 12 for the elongated
iron particles which is used later in this paper towards generation of

(b)

Fig. 5. (a) Nyquist plots showing the high frequency arcs and (b) computed bulk electrical conductivities for control as well as iron powder-incorporated HCP mixtures (error bars indicate
standard deviation).
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Fig. 6. A numerical simulation framework computed at every length scale to obtain the effective electrical properties at that scale.

representative unit cells for the microstructural analysis (See
Section 3.3).

3.2. Experimental evaluation of the electrical response of pastes
This section describes the experimental electrical response of the
iron powder-incorporated HCP with varying iron powder content. The
Nyquist plots, shown in Fig. 5(a), relate the resistance denoted by the
real part of impedance (Z ′ ) with the reactance denoted by the imaginary part (Z") [57,58]. The Nyquist plot shifts to the left with increasing
iron powder content signifying increased conductivity with iron
powder-incorporation. Frequency-based AC impedance studies averts
the polarization effects in cement based composites that would otherwise arise in DC measurements [61]. The high frequency arcs, as
depicted in Fig. 5(a), represent the bulk response of the composites enabling computation of bulk conductivity as described in Section 2.2. The
computed bulk electrical responses are reported in Fig. 5(b) showing
signiﬁcant increase in conductivity with increasing iron powder content. Such increase in conductivity is likely to inﬂuence the spatial damage sensing ability of cementitious systems which is explored in detail
later in this paper.

3.3.1. Numerical homogenization framework
3.3.1.1. Generation of unit cell. The unit cells are generated here using the
Lubachhevsky-Stillinger algorithm [57,58]. This algorithm employs a
hard contact model and hence particle overlaps are not allowed. Finally,
the obtained microstructural information is implemented via a python
language script to enable it to be imported to a commercial ﬁnite element software. The unit cell generation algorithm has been successfully
implemented in [30,59,60] and adequately detailed in [57,58].

3.3.1.2. Boundary conditions. Once the unit cell is generated, it is meshed
using the python script and periodic boundary conditions (PBC) [30,61]
are applied. PBCs ensure a continuity of displacement and traction
across boundaries of neighboring unit cells. PBCs have been applied successfully towards FE analysis of random heterogenous materials [62].

0.1 mm

Homogenized mortar
Homogenized paste

(a)

Sand
Cement paste
Iron particulate

3.3. Multiscale numerical simulation
While the previous section elucidated experimental evaluation of
the electrical response of iron powder incorporated HCP, this section
performs numerical homogenization at different length scales so as to
obtain homogenized electrical properties of the iron powder incorporated mortars that serve as input to macro-scale model for ERT module
as explained later in this paper. Such an approach involves representation of the geometrical conﬁguration of the different phases in the
form of unit cells at different length scales. In this study, two interactive
length scales at the paste level and mortar level are used for prediction
of effective electrical responses. A schematic representation of the numerical simulation framework is shown in Fig. 6. The forthcoming
sub-sections elaborate the numerical simulation framework and its application towards prediction of effective electrical properties of iron
powder incorporated mortars.

(c)

(b)

3 mm
Fig. 7. (a) The paste microstructure with 20% iron particulates as cement-replacement;
(b) mortar microstructure and (c) macro model.
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(a)

(c)

(b)

(d)

Fig. 8. The ECD under applied voltage difference of 1 V across the edges along X axis for the iron powder-incorporated HCP matrices containing (a) 10, (b) 20, (c) 30 and (d) 40% iron
powder as cement-replacement.

Periodic boundary conditions are shown to be computationally efﬁcient
even with smaller size of unit cells facilitating faster convergence [59].
More details on the PBC can be found in [60,63].
3.3.1.3. Homogenization of electrical properties. The numerical framework
assigns intrinsic electrical properties to each phase of the periodically
bounded unit cell. A unit potential is then applied across a face of the
unit cell while the other edges are insulated. The electrical module computes current density ( J) from the input electrical conductivity (σk) of
component phases (k = 1, 2, . . n) and the applied electric ﬁeld (E)
using Ohm's Law. The simulation yields the electric ﬁeld and electric
current density (ECD) distribution in the unit cell which when volumetrically averaged by a post-processing module yields the average electrical conductivity (σeff) as shown in Eq. (2) [35,64].
σ eff ¼

J

.

ð2Þ

E

3.3.1.4. Post-processing and upscaling to macro-scale. The aforementioned
analysis is implemented using ABAQUS™ solver and electric ﬁeld/current density distribution in the unit cell is obtained. The post processing
module employs a MATLAB® subroutine to obtain volume-averaged responses and effective electrical conductivity (using eq. 2). The numerical homogenization process is explained schematically in Fig. 6.
3.3.2. Application of numerical homogenization module towards effective
electrical conductivity of iron powder-incorporated mortars
The numerical simulation for effective electrical conductivity prediction for iron powder-incorporated mortars involves two interactive
length scales at the paste scale and the mortar scale as shown in Fig. 7.
These homogenizations [66–68] are performed here at multiple steps
in order to reduce the computational demand while maintaining computational efﬁciency [70]. Once the RVE is generated using the Python
script, it is meshed and subjected to FE analysis under externally applied
unit voltage gradient along x direction. The FE analyses are carried out in
ABAQUS™ solver using DC2D4E quadrilateral elements. A MATLAB©
script operates on the result ﬁles containing the volume of the elements
and the responses to obtain the effective properties as explained in the

previous section (Fig. 6). At ﬁrst, the iron particles are homogenized into
the HCP matrix to obtain effective properties of iron powderincorporated mortars which are used as matrix-properties in the mortar
scale. The sand inclusions are homogenized into the effective iron
powder-modiﬁed matrix in the mortar scale to obtain effective properties of the iron powder-modiﬁed mortars. Fig. 7(a) shows the generated
unit cell of iron powder-incorporated HCP for 20% iron powder incorporation as a representative case. The size and aspect ratio of iron particles
are adopted based on microstructural observations. Fig. 7(b) shows the
representative unit cell for mortars where sand inclusions are embedded in the iron powder modiﬁed HCP matrix. The input electrical conductivities for HCP, iron particles and sand are 0.065 S/m, 100 S/m and
10−8 S/m respectively [35]. It needs to be noted here that the electrical
conductivity value considered for HCP corresponds to moist condition
[36,71] and thus, the inﬂuence of saturated condition is incorporated
in the numerical simulations. The volume fractions of the inclusions
are mentioned earlier (Section 2.1). The sizes of the unit cells, obtained
from a size-sensitivity study, are shown in Fig. 7 and any increase in size
of unit cells beyond the ones shown in Fig. 7 results in insigniﬁcant
change in the obtained effective responses. Such relative size of unit
cells with respect to size of inclusions has been successfully implemented towards prediction of effective properties in [30,33,60,64,65].
The effective electrical properties of iron powder-modiﬁed mortars,
thus obtained, serve as input material property for the macro scale
model involving spatial damage detection as explained later in this
paper.
Fig. 8 shows the electric current density (ECD) plots under applied
voltage difference of 1 V across the edges along X axis for the cement
paste scale with varying iron powder content. With increasing iron
powder content, the ECD increases substantiating the increased electrical conductivity due to incorporation of conductive inclusions.
Fig. 9 shows the ECD plots for the mortar scale with varying iron
powder content under applied voltage difference of 1 V across the
edges along X axis. Similar to paste scale, here also ECD increases with
increasing iron powder content. Such increase in conductivity is likely
to improve the spatial damage sensing ability of the mortars which is
explored in detail later in this paper.
The numerical homogenizations are performed for four different
random microstructures at each scale for all the mixtures considered

A/sq.m

(a)

(b)

(c)

(d)

Fig. 9. The ECD for the mortars containing (a) 10, (b) 20, (c) 30 and (d) 40% iron powder as cement-replacement under applied voltage difference of 1 V across the edges along X axis.
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here. Table 1 lists the computed mean effective electrical conductivities
of the pastes and mortars with varying iron powder content. The standard deviations were b1% of the mean in all the mixtures considered
here. These values are further used in the spatial damage sensing framework towards validation of ERT application in such composites.
3.3.3. Comparison of the predicted electrical conductivity with experimental
observations
In order to elucidate the predictive ability of the numerical homogenization framework, explained before, this section compares the simulated electrical conductivities with the experimental observations
(reported in Section 3.2) for iron powder-modiﬁed HCP with varying
iron powder content. The simulated conductivities and experimental
observations are shown in Fig. 10. A close correlation between the experimental and simulated conductivities is observed signifying efﬁcacy
of the numerical homogenization framework.
3.4. Spatial damage sensing in iron powder-incorporated mortars

Table 1
Simulated effective electrical conductivities (S/m) for the composites at paste and mortar
scales.
Iron powder %

Pastes

Mortars

0
10
20
30
40

0.065
0.083
0.104
0.136
0.194

0.039
0.05
0.063
0.083
0.118

ðσ ∂u

.
∂n

Þ along the outward unit normal n through the boundary when

integrated over the lth electrode yields the total current (Il) through the
electrode (electrode domain τ1) as shown in Eq. (4) [29,36] which
serves as the ﬁrst boundary condition.
Z 

σ ∂u

. 
dS ¼ Il ; r∈τ1

el

This section aims to evaluate the applicability of ERT imaging technique to iron powder-incorporated mortars. The fundamental principle
of ERT is governed by measured boundary voltages being characteristic
of conductivity distribution in the specimen. However, an attempt to
calculate the conductivity distribution from boundary voltage measurements leads to an ill-posed problem [36,40,72] implying that similar
outcomes may be obtained from multiple inputs. Such problems are
generally solved by an iterative approach. First, an initial conductivity
distribution (based on the homogenized conductivity from
Section 3.3.2) is considered and the forward model calculates boundary
voltages from the initial conductivity distribution. However, it is likely
that the potential distribution thus obtained will have boundary voltage
values different from the experimentally observed measurements
owing to the presence of damaged regions. Thus, an iterative algorithm
is followed to reﬁne the estimated conductivity distribution. Towards
that end, the inverse problem is initiated that imposes the experimentally obtained boundary voltages to obtain an improved conductivity
distribution while minimizing the differences between the experimental and predicted boundary voltages, obtained from the forward model.
The updated conductivity distribution thus obtained from inverse problem serves an input to the forward model. Thus, conductivity updating
procedure starts iterating between the forward and inverse problem.
The iterative procedure terminates when the error between the measured and predicted boundary voltages falls within a preset tolerance.
The conductivity distribution in the damaged sample, thus obtained
from ERT reconstruction, is compared against the homogeneous effective conductivity of pristine sample, obtained from multiscale numerical
homogenization (Section 3.3.2), to yield the spatial distribution of damage in the damaged sample. The algorithm is described using a ﬂowchart in Fig. 11.

7

∂n

ð4Þ

No current ﬂows through the electrode-free boundary (domain τ)
(see Eq. (5) [29,36]) and it serves as second boundary condition applied
at the electrode-free boundary.

. 
¼ 0; r∈τ
σ ∂u
∂n

ð5Þ

The electric potential u under the lth electrode is conjugated with the
potential drop due to imperfect contact between the electrode and the
target sample. This imperfect contact is accounted for in the forward
model in terms of contact impedance zl, resulting in a total electric potential Ul (Eq. (6) [29,36]). This is applied for the electrode domain
(τ1) as a boundary condition.
u þ zl σ ∂u

.
∂n

¼ U l ; r∈τ1

ð6Þ

To maintain charge conservation, the net current ﬂowing in all the
electrodes is considered zero and the net potential is considered zero
from the choice of potential ground.
X

Il ¼ 0

l

X

Ul ¼ 0

ð7bÞ

l

3.4.1. The forward model
The forward model obtains boundary voltages of the target sample
for a given spatial conductivity distribution. Fig. 12 shows a schematic
representation of the forward model. It assumes an initial conductivity
distribution and obtains the corresponding boundary voltages using
FE analysis. If the difference between the predicted and experimental
boundary voltages exceed the threshold, the conductivity distribution
is updated and the interactive process continues until the error is less
than the tolerance.
The Poisson equation that governs the forward model is given as
[29,36,73,74]:
∇:ðfσ ðr Þg∇uðrÞÞ ¼ 0; r∈Ω

ð3Þ

Where r is the spatial coordinate encompassing the conductivity [σ
ðrÞ] and the electric potential [uðrÞ] in the domain Ω. The current density

Fig. 10. Comparison between simulated electrical conductivities and the experimental
observations for iron powder-modiﬁed HCP.
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Fig. 11. Flowchart representing the ERT algorithm.

The forward model in ERT is implemented using a ﬁnite element
based procedure. The Poisson equation (Eq. (3)) can be multiplied by
a sufﬁciently smooth arbitrary test function (ν) and integrated over
the entire domain (Ω) thereby deriving the weak form, as shown in
Eq. (8) [29].

AD ði; lÞ ¼ 0 for i≠l

The forward model is implemented in this paper using a MATLAB™
subroutine which provides voltage distribution from known conductivity distribution of the sample as per Eq. (10).

Z
Ω

ν ½∇:ðfσ ðr Þg∇uðrÞgÞ ¼ 0

ð8Þ

3.4.2. The inverse problem
While the forward problem, explained in the previous section, is a
well-posed problem, the inverse problem is an ill-posed problem. The
inverse problem aims to reconstruct the internal conductivity distribution from boundary voltage measurements. Any small changes in
boundary voltages results in large conductivity perturbations. An iterative technique described hereafter is used to solve the non-linear illposed problem. As mentioned earlier, an initial conductivity distribution
is assumed at the onset of the iteration and the corresponding boundary
voltages are obtained by the forward model. Thereafter, the inverse
problem is invoked to yield an improved conductivity estimate from
the imposition of experimental voltages. The updated conductivity distribution, obtained from inverse problem, are used again in the forward
model to obtain corresponding updated boundary voltages. The iterative process terminates when the error falls within the threshold. To
ensure a smooth and fast convergence, a regularization method is
necessary while solving an ill-posed problem. A Tikhonov type regularization [29,38,40] is adopted in this study. The stable solution for conductivity is obtained by minimizing the residual error shown in Eq. 12
[40].

A nodal voltage ui and shape function φi (which can assume nonzero values at vertices) can approximate the electric potential uh in
the realm of ﬁnite element theory as shown in Eq. (9) [29].
uh ¼

n
X

ui φi ðn ¼ 3 vertices for triangular elementsÞ

ð9Þ

i¼1

Using Galerkin's approximation and applying all the abovementioned boundary conditions the following matrix equation is obtained [29,37,40].


AM þ AZ
ATV

AV
AD



U
VL




¼

0
Id

ð11eÞ


ð10Þ

where the global conductivity matrix A is formed by combinations of
matrices AM, AZ, AV and AD. The potential vector B consists of the nodal
values of potential U and the potentials on the electrodes VL. Id is the
set of injected currents at the electrodes. The matrix entries for the
global conductivity matrix are deﬁned as follows:

f ðσ Þ ¼ k F ðσ Þ−V k22 þ λkLðσ −σ k Þk22

ð12Þ

h

AM ði; jÞ ¼ ∬ σ ∇φi :∇φ j dA
Ω

AZ ði; jÞ ¼

Z
L
X
1
l¼1

AV ði; lÞ ¼ −

AD ði; lÞ ¼

zl

1
zl

el

where f(σ) is the residual error, F(σ) denotes the computed boundary
voltages from the forward model corresponding to the updated conductivity distribution, obtained from the inverse problem in the previous iteration, V denotes experimentally obtained voltages, λ is the positive
scalar regularization parameter, L is the regularization matrix imparting
some prior information about σk (conductivity for kth iteration). In the
minimization process, the constrained problem is formed by incorporating 0 b σ b σb where σb refers to the background conductivity of
the pristine sample obtained from numerical homogenization. The
upper limit is ﬁxed at σb since incorporation of damage reduces the
overall conductivity of the sample. Minimization of Eq. (12) yields the

φi φ j dA

Z
el

φi dr ði ¼ 1 : n; and l ¼ 1 : LÞ

1
je j for i ¼ l
zl l

Electrode
configuration &
model geometry

Current
stimulation
patterns

Assumed
conductivity
distribution

Meshing
FE
implementation

Y

End

Voltage
surface plot

N

Error >
tolerance

Boundary
voltage

Fig. 12. Schematic representation of forward model for ERT.
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Fig. 13. Original images of the mortar disc samples showing (a) single hole conﬁguration; (f) three-hole conﬁguration, reconstructed damage maps for mortars containing (b) 10% (c)20%
(d)30% and (e) 40% iron powder as cement-replacement for single-hole conﬁguration; reconstructed damage maps for mortars containing (g) 10%, (h)20%, (i)30% and (j) 40% iron powder
as cement-replacement for three-hole conﬁguration.

algebraic form of Tikhonov solution as shown in Eq. (13a) [40].

−1
h ¼ F 0 ðσ k ÞT F 0 ðσ k Þ þ λLT L
ðF 0 ðσ k ÞT ðV− F ðσ k ÞÞ þ λLT Lðσ k Þ

ð13aÞ

where h is the increment in conductivity as shown in Eq. 13(b).
σ kþ1 ¼ σ k þ h

ð13bÞ

The updated conductivity distribution, thus obtained from inverse
analysis, serves as input to the forward computations thereby improving the predictions. The iterative procedure terminates when the error
.
2
ratio ðk Fðσ Þ−Vk2
Þ falls below 0.05% [29]. The ERT reconstruction pro2
kVk2

cedure, adopted in this study, is sufﬁciently detailed in [36,40,69,74].
3.4.3. Reconstruction of conductivity maps for iron powder-incorporated
mortars
A MATLAB™ script (EIDORS) [39,40] implements the inverse computations and calls the forward model subroutine repeatedly in an iterative process to ﬁnally obtain spatial conductivity distribution for the
mortars with varying content of iron powder. The value of the regularization parameter is considered 0.01 for comparative evaluation of damage sensing ability of waste iron powder incorporated cementitious
systems. This choice enables reconstructed images of admissible quality.
The background conductivity obtained from multiscale numerical homogenization (See Section 3.3.2) serves as baseline conductivity map
(conductivity of pristine sample) for image reconstruction. The baseline
conductivity maps are subtracted from the conductivity maps obtained
from ERT algorithm to obtain spatial damage reconstruction. Fig. 13
shows the original images of the samples (single-hole and three-hole
conﬁgurations) along with corresponding reconstructed images for
the mortars with varying iron powder content. General trend in these
ﬁgures suggest that the damage sensing ability improves progressively
with increase in iron powder content which can be attributed to the increase in composite conductivity with increasing dosage of iron powder.
For a dosage of 30% or greater iron powder, the reconstructed damage
zones correlate very well with the actual location of damages in both
single and three-hole conﬁgurations thereby validating the application
of such imaging technique towards spatial damage sensing in iron
powder-incorporated cementitious composites.
4. Conclusions
This study elucidates the inﬂuence of metallic waste iron powderincorporation on the spatial damage-sensing ability of mortars. The spatial damage sensing is implemented using an ERT-based conductivity
reconstruction framework. The ERT framework uses experimentally
measured boundary electrode voltages as input to initiate the iterative

process involving the well-posed forward model and the ill-posed inverse problem. While the forward model predicts the boundary voltage
based on an assumed conductivity distribution, the ill-posed inverse
problem reconstructs the conductivity distribution image by minimizing the residual error between the boundary voltages obtained from forward problem and the experimental boundary voltage readings.
Moreover, the ERT-based framework adopted in this study integrates
an efﬁcient multiscale numerical homogenization module. The numerical homogenization module performs numerical homogenization at different length scales based on known microstructural features of the
material and provides the reference conductivity of the undamaged
conﬁguration which is otherwise not readily available in realistic SHM
applications. The effective conductivity obtained from multiscale numerical homogenization serves as baseline conductivity map for
image reconstruction. The baseline conductivity maps are subtracted
from the conductivity maps obtained from ERT algorithm to obtain reconstructed images that can spatially identify damaged patches. In addition, the effective conductivity obtained from multiscale numerical
homogenization is used as initial conductivity distribution (prior information) for the damaged conﬁguration in the forward model thereby
reducing the number of iterative processes and enhancing the efﬁciency
of the ERT framework. The spatial damage sensing ability is found to be
improving progressively with increase in iron powder content which
can be attributed to the increase in conductivity with increasing dosage
of iron powder. The mortars containing 30% or higher amount of iron
powder as OPC-replacement show sufﬁcient spatial damage detection
ability thereby validating the application of ERT-based damage sensing
approach towards spatial damage sensing in iron powder-incorporated
cementitious composites.
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